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Temperature-dependent optical absorption of cerium-doped gadolinium oxyorthosilicate
(Gd,SiO;:Ce) has been measured and analyzed for impurity-ion-lattice coupling parameters and
oscillator strengths. Although the spectrum consists of overlappiig ands and G lines, two
well-resolved C&" bands with 10 K maxima at 3.32 eypeak a and 3.61 eMpeak b are amenable

to spectral analysis. These bands, previously assigned’oi@es occupying crystallographically
inequivalent substitutional sites, are characterized by Gaussian line shapes and
temperature-dependent half widths that are well described by the linear model of
impurity-ion-lattice coupling. Huang—Rhy®roc. R. Soc. 204, 404(1950] parameters of peaks

a and b are 22.7 and 5.7, respectively, indicating strong ion-lattice coupling, with vibrational
frequencies 1.88103s ! (peak a and 5.0% 103s ! (peak b. Peak b centroid is approximately
temperature independent, but peak a centroid shifts to higher energy with increasing temperature.
This dependence is adequately described by including higher-order coupling terms in the ion-lattice
interaction, although crystal-field contributions cannot be excluded. Absorption band oscillator
strengthsf, are calculated from Smakula[Z. Phys.59, 603 (1930] formula and knowledge of
cerium concentration for the two inequivalent sites. In the interval 10—300 K, pka#ilaes range

from (9.8t026.8x10 * and peak bf values vary from (7.8t05.810 3. From the known
correlation between oscillator strength and metal-ion-ligand separation, we identify peaks a and b as
the seven- and nine-oxygen-coordinated sites, respectivel\20@ American Institute of Physics.
[S0021-897€00)02011-9

I. INTRODUCTION sumably C&" incorporation into the host lattice occurs via
substitution for Gd" and thus should also occupy two in-
Cerium-doped gadolinium oxyorthosilicate, £5i0s:Ce  equivalent sites, arbitrarily denoted as Cel and Ce2. The
(GSO, is an efficient scintillator characterized by relatively correlation of Ce1 and Ce2 with specific oxygen-coordinated
high quantum efficiency, high densit§.71 g/cni), and large ~ sjtes has not yet been established. Moreover, fundamental
effective atomic numbef59).* A typical emission spectrum impurity-ion-lattice coupling parameters and oscillator
consists of a band with maximum near 430 nm, which isstrengths of the optical transitions, which should prove use-
attributed to the B—4f electronic transitions of the €& ful in elucidating the fundamental luminescence mechanism
ions? However, the luminescence decay, comprised of twaand identifying the oxygen-coordinated sites, have not been
lifetime component$~56 and 600 ns is much slower than  reported.
expected from the usual prompt deexcitation of the’"Ce In this article, we present results of ultraviolet and vis-
ions (~25 ng and likely involves resonant energy transfer jple (uv-vis) optical absorption measurements on single-
between the C¥ and Gd* ions** Further complexity of  crystal GSO made in the temperature interval 10-300 K.
the fundamental luminescence mechanism arises from thenalysis of the data yields oscillator strengths, vibrational
fact that GSO has two crystallographically inequivalent sitesyuantum energies, and Huang—Rhys parameters of the
for Ce** ions with each one exhibiting distinct temperature- prominent absorption bands. Knowledge of the cerium con-
and concentration-dependent emission and excitatiogentration of sites Cel and Ce2, coupled with the known
spectr. By comparing optical excitation, absorption, and correlation of Ce-ion-ligand distance with oscillator strength,
emission spectra, Suzuét al® correlated the prominent fea- allows assignment of Cel and Ce2 to the nine and seven-
tures in the optical absorption spectrum of GSO with sitesoxygen-coordinated sites, respectively.
Cel, Ce2, and Gd. The specific site designatiqCel and
Ce2 arises from the fact that crystalline GSO is known to
possess monoclinic symmetry with space gr&iy /c with
Gd** ions occupying two crystallographically inequivalent A single crystal of GSO, provided by Hitachi Chemical
sites coordinated with either seven or nine oxydgemse- Company, was fabricated into sample dimensions 11
X 0.026 cni and polished to a surface finish of An. Ce-
aAuthor to whom correspondence should be addressed; electronic maifiUMm concentration in the growth melt was 0.25 at. % relative
cooke@lanl.gov to GA', but due to the smaller size of the &dion (0.938

II. EXPERIMENT
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ENERGY (eV) FIG. 2. Experimental, 10 K absorption spectrum of GSO plotted on a re-
) ) o duced energy scal@otted ling. The thin solid line represents a composite
FIG. 1. Optical absorption of GSO measured at 30G#lid ling) and 10K fjt optained by adding two Gaussians that best fit the individual bands a
(dotted ling. The ordinate refers to the decadic absorption coefficieat and b.
the 0.026-cm-thick sample. Arrows denote peaks of the two principal ab-
sorption bands a and b.

. . . .
A) relative to CE (1.034 A), the final sample concentration . oy citation bands at 300 nf.13 eVj and 378 nm(3.28
was lower. Using the known crystal-to-melt distribution co- eV), an absorption band at 378 nm and possibly one at 300

efficient 0.6 yields a final G& concentration of 0.15 at. %. nm, with emission maximum near 480 niA.58 e\}. Note

A Cary SE optical absorption spectrophotometer, mOd"_that in the present data, we do not observe a distinct peak

fied to accommodate an optical cryostat, was used to Obta'Hear 4.13 eV, but instead see the appearance of at least two

uv-vis data in the temperature range 10-300 K. Absorption mall peaks in this vicinity. Additional absorption lines with

spectra were taken at 10 and 20 K, and at each 20 K interval __. . .
thereafter up to 300 K. To ensure thermal equilibrium pe-Maxima at4.51, 4.92, and 5.02 eV were assigned by Suzuki

tween the sample and cold finger, the specimen was held %d";‘i lt.o optlc.al Fransr.tlﬁntsh Ofége béd c;ons..Th.e overlalpdof
each set point for 10 min prior to recording the absorption INé emission wi € and emission preciudes

spectrum. Sample temperature was measured with a Carbc)§]t_ra|ghtforward analysis of absorption bands other than the

glass resistor and controlled to within2 K of the set point principal ones labeled a and b in Fig. 1. These latter ba”‘?'s
by a LakeShore Cryotronics Model 340 temperature control&'€ 0Ur main interest because they purportedly belong to dif-
ler. Spectral data were recorded in absorbance units as fgrent cerium sites and are of sufficient intensity and resolu-

function of wavelength and plotted as decadic absorptiodiON t0 be amenable to analysis, thus allowing a comparison
coefficienta (=0.4343«, where« is the absorption coeffi- of oscillator strengths and impurity-ion-lattice coupling pa-

cient to basee) vs photon energy. Fitting of the absorption rameters for the two inequivalent cerium sites. Therefore, we
bands to known spectral shapes was done with a commercigPnfine our analysis to these two principal bands.

software package utilizing the Levenberg—Marquardt nonlin-  The dotted line of Fig. 2 shows the experimental, 10 K
ear least-squares routine. absorption spectrum of GSO plotted on a reduced energy

scale to highlight the main peaks. The thin solid line is a
composite fit obtained by adding two Gaussian bands, each
representing the best fit to individual bands a and b. Attempts
A. Peak shape determination to fit these bands with Lorentzian or Voigt line shapes at any
Figure 1 shows the optical absorption spectra of GS@emperature in the interval 10—300 K were unsuccessful. The
taken at 300 K(solid line) and 10 K(dotted ling, with the  best fits at 10 K were obtained with Gaussian line shapes
principal peaks denoted by arrows a and b, in excellenexhibiting maxima at 3.32 eVpeak a and 3.61 eMpeak b
agreement with the previously reported results of Suzukwith reducedy?®=0.9992 (reducedy? is the square of the
et al® These researchers compared GSO excitation and emigifference between the actual and calculated values divided
sion spectra and concluded that two types of cerium centef@y the number of degrees of freedprithe statistical errors
were involved in the emission process. One center, arbiin these values, derived from the fitting routine, are less than
trarily designated Cel, exhibited excitation and absorptiorl0 °eV and the experimental spectral resolution=i€.5
bands at 284 nn{4.36 e\) and 345 nm(3.59 eV}, with nm. Similar high-quality Gaussian fits were obtained for
corresponding emission maximum near 425 (92 e\j.  these two bands over the temperature interval investigated,
The other center, arbitrarily denoted Ce2, was characterizeflom which spectral moments and areas were extracted.

Ill. RESULTS AND DISCUSSION
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0.35 TABLE I. Electron-lattice coupling parameters for GSO:Ce.

W(0) Wexc E,—E;

3o e
0.30 | n Peak (ev) (10157} (10857} (ev) S

a 0.135 1.83 4.39 3.30 22.7
b 0.187 5.07 - 5.7

0.25

. dependence of peak a and peak b Gaussian centroids. The
020 © u statistical error bars are smaller than the plot symbols.
= : Within experimental error, the centroid of peak b is indepen-
0.15 ‘ a .. o dfent of temperature, whereas peak a centroid .is shifted .to
o RS higher energy. There are two plausible explanations for this
[ shift: variations in impurity-ion-ligand separation due to
0.10 ! ! s . ! thermal expansion, which affects the Tanabe—Sugano
0 50 100 150 200 250 300 energy-level diagram, and higher-order coupling terms in the
TEMPERATURE (K) electron-latti_ce interactioft o N
The excited-state & level of the C&" ion is split into
five components by the crystalline electric field, with average
FIG. 3. Temperature dependence of the peak widths, i.e., full width at halgplitting 0.35 eV%The energy of the optical absorption tran-
maximum, of the pri_ncipal absorption baqu a gnd b. _Solit_i and dptted "ne%ition depends on the strength=10Dq of the crystalline
represent the best fits of the data to the linear, ion-lattice interaction modeélectric field, which, in turn, depends on the distance be-
tween the absorbing ions and the nearby ligands. The spatial
B. Vibrational quantum energies and Huang-Rhys separation of ions and ligands exhibits temperature depen-
parameters dence through the thermal expansion coefficient. Whether

Confi i dinate di ient f the transition exhibits a shift to higher or lower energy with
onfiguration-coordinate diagrams are convenien O.rincreasing temperature depends upon the stiip/elA of the
describing optical absorption and emission processes

ip : :
g X : vs A curve (Tanabe—Sugano energy diagpai negative
.sol|ds.. In this model, the grqund and exuted states of theslope shifts the optical absorption transition to higher energy
impurity center are described as classical quantum

mechanical oscillators with quantum enertyy, leading to with increasing temperature. Unfortunately, we know neither
o . 0 the thermal expansion coefficient nor details of the crystal-
the prediction that the full width at half maximum{(T), of b y

the optical absorption band varies with temperature accor ine electric field (and corresponding Tanabe-Sugano dia-
. P orp P gram for Ce*" ions in GSO, and thus cannot presently elu-
ing to the relation

cidate the contribution of this effect to the centroid shift.
ho | |12 A second well-known temperature effect on absorption
cot KT

PEAK WIDTH (eV)

W(T)=W(0) (1) pand centroids is higher-order coupling terms in the ion-

lattice interaction modéf Inherent in Eq(1) is the assump-

For Gaussian line shapes, this can be expressed as tion that average vibrational frequencies of the ground and
Ao 1/2
W(T)=hw|8SIn2 cot%(m ; @ 3.65

where S the Huang—Rhys parameter, is a dimensionless - b
measure of the impurity-ion-lattice coupling magnitide. 000 000006000600 000®
Figure 3 shows the temperature dependence of the peak 3.60 -
widths, W(T), extracted from the Gaussian fits to peaks a
and b. Statistical errors derived from the fitting procedure are
smaller than the plot symbols. The solid and dotted lines
represent the best fits of the data to Ez), from which the
magnitudes ofw and S were extracted. Vibrational frequen-
cies of peaks a and b are 1:820" and 5.0% 103s™?,
respectively, with corresponding values 22.7 and 5.75
>5 indicates strong coupling between the impurity ion and
lattice and also implies a relatively large Stokes sHiftpr
peaks a and b, the measured shifts are 0.70 and 0.67 eV,
respectively. The electron-lattice coupling parameters are
summarized in Table I.

L
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o
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TEMPERATURE (K)
C. Excited-state vibrational energies FIG. 4. Temperature dependence of peak a and peak b centroids. The solid

) ) ) ) line is the best fit of the data to a modified linear model, which includes
The filled symbols in Fig. 4 illustrate the temperature higher-order, impurity-ion coupling terms in the ion-lattice interaction.
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excited states are identical, thus yielding a “linear” model. 0.010
However, one can include the effects of higher-order cou- 0.009 ogﬂ:) 55
pling by introducing a different frequencye,., for the ex- ®o0o0jl0oo0oooloo ¢
cited state. The centroid positivi(T) is then given by z 0.008 ‘ii_bi X I
2 G 0.007 | ’—.—?
M(T)=E,—E +1hw(wix°—1)cotr(ﬁ—w) @3) B sl *ole, |

27 F1T w2 kT’ E 0.006 | ®
whereE,—E, is the energy difference between the ground 5 0.005
and excited states at the zero position of the configurational < 0.004
coordinate. As illustrated in Fig. 4, peak a exhibits an in- 3 0.003
crease in centroid energy with increasing temperature and 3 i a®
approximately obeys Eq3) as indicated by the solid line. 0.002 1 R
The vibrational frequency and energy difference obtained 0.001 -i| m -
from the fit are 4.3% 103s™ ! and 3.30 eV, respectively. A 0.000 l
summary of the electron-lattice coupling parameters is given o 50 100 150 200 250 300
in Table I.

. TEMPERATURE (K)
Although the temperature dependence of the centroid is

adequately described by E(B), the reader is reminded of FIG. 5. Temperature dependence of a and b band oscillator strengths. Note
the possibility that some fraction of the dependence may bg_l_eir sum (ab) is ne_arly temperature _indepen_dent. These‘bands are iden-
attributed to thermal expansion and its effect on the Tanabe!ed 8 seven-and nine-oxygen-coordinated sites, respectively.

Sugano diagram, as previously discussed. Presently, we have

ir}suﬁicient data to ascertain the magnitude of these indiy; k that mimicked the experimental one. This ratio ought to

vidual effects. correspond to the ratio of concentrations for the two sites.
Accordingly, we assigned the &e distribution as 58% to

D. Absorption band oscillator strengths site Cel and 42% to site Ce2 and calculated concentrations

. .. . . 8 8 —3 H
The oscillator strengtli characterizing a given optical ©f 8-35¥ 10'® and 6-9% 10%cm , respectively.
transition is related to the integrated absorption, index of ~ With known Cé" concentrations, average index of re-
refractionn, and concentration of absorbing centdrby the ~ fraction (1=1.85), and measured Gaussian absorption, we

well-known Smakula formuls qomputed the oscillator strgngths of the two pand's as a func-
tion of temperature and display the results in Fig. 5. Each
_ n illator strength exhibits moderate temperature dependence
Nf=8.21x 10"*cm 3—f E)d(E), g Ol 9 . P - aep
(n?+2)°? «(B)d(E) @ with inversely related slopes. This dependence is a measure

of the absorption band area because concentration and index
hcg refraction are assumed to be temperature independent.
Note the sum of oscillator strengths¥B) is nearly tempera-
ture independent, implying temperature independence of the
1 |7 combined peak area. The striking feature of the data, how-
2 ﬁ“maxw 5 ever, is the much largdrvalue of peak b relative to peak a,
with maximum absorptiorm,,, and full width at half maxi- approximately a factor of 8 and 2 at 10 and 300 K, respec

e : ) i tively. This result suggests the two peaks belong to different
mum W. Substituting Eq(5) into Eq. (4) yields the desired ~g sites as proposed by Suzekial® Williams et al have

wherea is the decadic absorption coefficient in chand E
is the energy in eV. For Gaussian absorption bands, as in t
present case, the integral is

expression compiled a comparison of experimental and theoretidal 4
6. 5 N —5d oscillator strengths for Gé ions in various host
Nf=8.7x10"%cm 7+ 2)2 amalV. (6) attices.

Calculation of the oscillator strengths of bands a and
requires knowledge of the €& concentrations for sites Cel
and Ce2. GSO formula weight is 422.580 g and density is  The impurity-ion-lattice coupling parameters of absorp-
6.71 gl/cmi, vyielding a formula volume of 1.046 tion bands a and b in GSO are strikingly different in magni-

X 10" ?2¢cm? (containing two rare-earth sitesThe final C&"  tude and temperature dependence, indicative of distinctly
concentration is a product of melt concentratior?5 at. %  different Cé" sites. Suzukiet al® previously established
and segregation coefficieri0.6). However, this computed that peaks a and b are correlated with substitutional sites Ce2
concentration0.15 at. % relative to Gd) is not uniformly  and Cel, respectively, but could not identify them as being
distributed between the two crystallographically inequivalentseven- or nine-oxygen coordinated. The present data, when
sites. But, knowledge of the distribution can be obtainedcoupled with previous results of Williamet al,* strongly

from the work of Suzukiet al® on GSO of the same stated suggest that sites Cel and Ce2 are nine- and seven-oxygen
concentration. By adding the emission spectrum of @Ge¢  coordinated, respectively. Williamet al. noted that varia-
cited at 345 nmto the spectrum of Ce@xcited at 378 nin  tions in f are correlated with the average don-ligand

in the ratio of 58:42, they calculated an emission spectrum adistance, with a smaller separation corresponding to a

bE. Ce®* site identification
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smallerf value relative to the free-ion magnitude. This cor- perature dependence of absorption band widths. Huang-Rhys
relation most likely arises from the differential radial expan-parameters of peaks a and b are 22.7 and 5.7, respectively,
sion of the overlapping rare-earth and ligand orbitals, whichindicating strong ion-lattice coupling and relatively large
leads to a greatly reduced dipole matrix element in the quanStokes shiftd~0.7 e\). Extracted quantum vibrational fre-
tum mechanical oscillator strength expression. To see thiguencies are 1.88103s ™! (peak a and 5.0% 10%s™?
more clearly, we expredsin quantum mechanical terms (peak B. Peak b centroid is nearly temperature independent,
8m2muy /(M |m)[2 whergas pegk a centroid exhibits a shift to.higher energy
A= 5 , (7)  Wwith increasing temperature. Although this shift can be well
3e‘h described by including higher-order coupling terms in the
where v, is the transition frequency between the states ion-lattice interaction, contributions from crystal-field effects
andm, and|{n|M|m)|? is the squared dipole matrix element cannot be excluded.

between the two statedd is the electric dipole moment, Oscillator strengths of the two bands were calculated
which can be expressed in terms of charge derpﬂ[y and from Smakula’s formula, combined with knowledge of the
electron charge cerium concentration for the two crystallographically in-
equivalent sites. From 10 to 300 K pealf &alues ranged
M:ef p(r)rdr gy  from (9.8t026.8K 10 %, and peak If values varied from
(7.8105.8)x 10" 3. Based on the observation of Williams

Insertion of a rare-earth ion into a host lattice causes thét al* that larger oscillator strengths imply a larger metal-

rare-earth orbitals to expand radially due to overlap with théon-ligand separation, we have identified sites Gedak b
ligand orbitals. But the expansion is much greater for 5 and Ce2peak a as the nine- and seven-oxygen-coordinated
orbitals because the innef #nes are strongly shielded. This sites, respectively. These results strongly support the conclu-
differential expansion leads to a significantly reduced dipolesion of Suzukiet al” that these bands are correlated with the
matrix element)(4f|r|5d)|, and a correlation between os- two crystallographically inequivalent substitutional cerium
cillator strength and average metal-ion-ligand separation. Sites in GSO.

As illustrated in Fig. 5f values of peak b at all tempera-
tures are consiéjgrably larger than those of peak a, implying ACKNOWLEDGMENTS
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